Mating yeast cells remove their cell walls and fuse their plasma membranes in a spatially restricted cell contact region. Cell wall removal is dependent on Fus2p, an amphiphysin-associated Rho-GEF homolog. As mating cells polarize, Fus2p-GFP localizes to the tip of the mating projection, where cell fusion will occur, and to cytoplasmic puncta, which show rapid movement toward the tip. Movement requires polymerized actin, whereas tip localization is dependent on both actin and a membrane protein, Fus1p. Here, we show that Fus2p-GFP movement is specifically dependent on Myo2p, a type V myosin, and not on Myo4p, another type V myosin, or Myo3p and Myo5p, type I myosins. Fus2p-GFP tip localization and actin polarization in shmoos are also dependent on Myo2p. A temperature-sensitive tropomyosin mutation and Myo2p alleles that specifically disrupt vesicle binding caused rapid loss of actin patch organization, indicating that transport is required to maintain actin polarity. Mutant shmoos lost actin polarity more rapidly than mitotic cells, suggesting that the maintenance of cell polarity in shmoos is more sensitive to perturbation. The different velocities, differential sensitivity to mutation and lack of colocalization suggest that Fus2p and Sec4p, another Myo2p cargo associated with exocytotic vesicles, reside predominantly on different cellular organelles.
INTRODUCTION
How cells create and maintain asymmetry is a fundamental problem in cell biology. In yeast cells undergoing mitotic growth, polarized secretion is directed toward the developing bud (Pruyne and Bretscher, 2000) . The septin ring, which forms at the mother-daughter neck, acts as a diffusion barrier to limit the flow of asymmetrically localized proteins out of the bud (Barral et al., 2000) . Mating yeast must also localize proteins to specific sites on the plasma membrane, though they lack an analogous structure to prevent retrograde diffusion. How mating yeast selectively polarize certain proteins remains a largely unexplored question.
The budding yeast, Saccharomyces cerevisiae, has two haploid mating types, MATa and MAT␣, which can conjugate to form a diploid cell (reviewed in Marsh and Rose, 1997) . Haploid yeast cells secrete a peptide pheromone (a-factor or ␣-factor) that triggers a MAP kinase signaling cascade in cells of the opposite mating type (Bardwell, 2005) . In response to pheromone, haploid cells arrest their cell cycle at G1, begin apical growth in the direction of the pheromone gradient (commonly called "shmooing"), and up-regulate the transcription of mating-specific genes (Wilkinson and Pringle, 1974; Fields et al., 1988; Segall, 1993) . When mating partners make contact, the intervening cell wall is degraded, and the plasma membranes fuse to form a continuous surface . Finally, apposing nuclei are pulled together by cytoplasmic microtubules, allowing karyogamy to occur (Meluh and Rose, 1990; Molk et al., 2006) . After conjugation is complete, mating-specific processes are down-regulated, and the cell is able to resume mitotic growth.
Efficient mating requires intracellular and cell surface polarization toward a mating partner (Chenevert et al., 1994; Bagnat and Simons, 2002) . Pheromone signaling activates the formin Bni1p, which triggers the reorganization of the actin cytoskeleton and directs new cell wall growth toward the formation of a mating projection (Evangelista et al., 1997; Matheos et al., 2004) . Additionally, proteins required for cell wall degradation localize to the tip of the mating projection, where cell fusion will occur. Fus1p and Fus2p have been identified as key mediators of cell fusion: both proteins localize to the shmoo tip, and crosses between fus1 or fus2 pairs result in profound mating defects (Trueheart et al., 1987; Elion et al., 1995) . Fus1p is an O-glycosylated membrane-spanning protein that regulates fusion pore formation (Nolan et al., 2006) , whereas Fus2p is a cytoplasmic protein that contains a putative guanine-nucleotide exchange factor (GEF) domain and may be involved in transduction of the fusion signal (Paterson et al., 2008) . Fus2p acts in conjunction with Rvs161p, a BAR domain-containing, amphiphysin-like protein that has various roles in endocytosis and vesicular trafficking (Crouzet et al., 1991; Sivadon et al., 1995; Friesen et al., 2006; Paterson et al., 2008) . Because BAR domain proteins typically form dimers that interact with the curved surfaces of membranes (Peter et al., 2004) , Fus2p-Rvs161p heterodimers may localize to the surface of vesicles that have been observed to cluster at the junction between mating cells Paterson et al., 2008) .
In a recent study, Paterson et al. (2008) tagged Fus2p with green fluorescent protein (GFP) to observe Fus2p dynamics This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -09 -0923) on April 29, 2009. in vivo. In shmoos, Fus2p-GFP was found to localize primarily to the tip of the mating projection. Surprisingly, Fus2p-GFP also appeared as cytoplasmic puncta that were observed moving rapidly toward the shmoo tip. Puncta movement was dependent on polymerized actin, whereas Fus2p-GFP's localization to the shmoo tip was dependent on both actin and Fus1p, which may also function as a cortical anchor.
In S. cerevisiae, actin-dependent motility occurs via one or more members of the myosin family of molecular motors, or via Arp2/3-mediated actin polymerization (Brown, 1997; Bretscher, 2003) . The classical type II myosin, Myo1p, is required for cytokinesis. The type I myosins, Myo3p and Myo5p, function during the internalization step of endocytosis, and the type V myosins, Myo2p and Myo4p, transport various cargoes along actin cables. Myo2p is implicated in vesicular and organelle transport, whereas Myo4p is known to transport mRNA and elements of the cortical endoplasmic reticulum (ER). The actin-nucleating ability of Arp2/3 may drive the movement of mitochondria and endosomes (Boldogh et al., 2001; Chang et al., 2003) , although this function remains controversial (Itoh et al., 2002; Altmann et al., 2008) .
In this study, we sought to identify the protein(s) responsible for Fus2p's actin-dependent movement. We find that Fus2p is transported by Myo2p along actin cables to the shmoo tip, where it becomes anchored to the plasma membrane by Fus1p. Fus2p transport was distinct from the transport of Sec4p, suggesting that the majority of these proteins reside on distinct cellular structures. Surprisingly, actin organization was highly dependent on both Myo2p and tropomyosin in shmoos but not in mitotic cells, suggesting that the maintenance of cytoskeletal polarity differs between these growth regimes.
MATERIALS AND METHODS

General Yeast Techniques
Yeast manipulations and general techniques were performed as previously described . Temperature-sensitive strains were grown at 23°C; all other strains were grown at 30°C. For induction with mating pheromone, cultures were grown to early log phase and then treated with synthetic alpha-factor (Department of Molecular Biology Syn/Seq Facility, Princeton University) to a final concentration of 10 g/ml. Temperaturesensitive strains were incubated in pheromone for 120 min at 23°C; all other strains were incubated in pheromone for 90 min at 30°C.
Strain and Plasmid Construction
Yeast strains and plasmids used in this study are listed in Tables 1 and 2 . FUS1 disruptions were performed using one-step gene replacement. The Fus2p-mCherryFP construct (pMR5821) was created by in vivo recombination (Oldenburg et al., 1997) . Three fragments were generated by PCR to form the construct. A PCR fragment containing homology to the vector along with 500 base pairs of the 5Ј untranslated region (UTR) plus the first 360 base pairs of FUS2 was amplified with primers JP21 (vector sequence is in uppercase letters, FUS2 sequence is in lowercase letters: TAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATgtcccacctgcttggtgg) and RC Fus2-mChFP (CCTCCTCGCCCTTGCTCACCATGGGAATCTGAGGGCTCAA-ATTCAGTCTCACGAC) using genomic DNA as a template. A second PCR fragment containing the mCherry fluorescent protein coding sequence with flanking FUS2 homology was amplified from pMR5598 using primers Fus2-mChFP (GTCGTGAGACTGAATTTGAGCCCTCAGATTCCCATGGTGAGCA-AGGGCGAGGAGG) and mChFP-Fus2106 (ATAAAATTTGCATCCCTCGT-GAGGAGAATTCTTGTACAGCTCGTCCATGCCG). A third fragment containing the C-terminal portion of FUS2 and homology to the vector was amplified using primers RC mChFP-Fus2106 (CGGCATGGACGAGCTGTACAAGAATTCTC-CTCACGAGGGATGCAAATTTTAT) and JP22 (vector sequence is in uppercase letters, FUS2 sequence is in lowercase letters: GCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCctgctccagcgcagtagt) with genomic DNA as the template. The three PCR products were transformed along with the pRS415 vector cut with BamHI into a fus2⌬ strain. Plasmid DNA was extracted from the transformants and the FUS2-mCherryFP fusion construct was confirmed by restriction digestion. The functionality was verified by complementation of the fus2 mating defect and by localization of Fus2p-mCherryFP in response to pheromone.
Live Cell Microscopy
To visualize GFP fluorescence, early log phase cells were incubated with pheromone then placed on an agar pad containing the appropriate selective media supplemented with 10 g/ml alpha factor. Cells were visualized using a DeltaVision deconvolution microscope (Applied Precision, Issaquah, WA), based on a Nikon TE200 (Melville, NY), using a 100ϫ objective, a 50 W Hg lamp, and a Cool Snap ER CCD camera (Roper Scientific, Trenton, NJ). For short time courses, images were acquired every 0.36 or 0.46 s using 0.2-s exposures and 2 ϫ 2 binning. For Z sections, 24 images were acquired at a spacing of 0.2 m, using 0.4-s exposures, 2 ϫ 2 binning, and a 93% neutral density filter. GFP fluorescence was visualized using a FITC filter set (Chroma, Brattleboro, VT).
Temperature-shift assays were conducted using the Delta T4 Culture Dish System (Bioptechs, Butler, PA), and 0.17-mm culture dishes (Bioptechs) were coated with 20 l of concanavalin-A (0.1 mg/ml in 20 mM NaOAc, pH 5.8) for 5 min and then washed three times with phosphate-buffered saline (PBS). Early log phase cells that had been pretreated with pheromone were then transferred onto the dish and allowed to bind for 5 min. After binding, excess medium was removed, and fresh medium supplemented with 10 g/ml alpha factor was added. Dishes were placed on a Delta T4 stage Adapter (Bioptechs) and visualized as described above.
Actin Staining
To visualize actin, cells were fixed for 10 min in 4% formaldehyde and then washed twice with PBS. Subsequently, cells were resuspended in 50 l of PBS and treated with 25 l of Texas red-phalloidin (Molecular Probes, Eugene, OR) for 1 h in the dark. Cells were washed three times with PBS and then placed on agarose pads for microscopy. Texas red-phalloidin staining was visualized using a rhodamine filter set.
Immunofluorescence Microscopy
Indirect immunofluorescence of Sec4p was performed as previously described (Walch-Solimena et al., 1997) . Cells were treated with pheromone for 1.5 h at 23°C and shifted to 37°C for varying times before fixation. mAb C123 against Sec4p, a generous gift of P. Novick (UC San Diego, CA), was used undiluted. To detect the anti-Sec4p, Alexafluor 64 -conjugated goat antimouse secondary antibody (Molecular Probes) was used at 1:500, and cells were visualized using a Cy5 filter set.
Image Analysis
Images were deconvolved and collapsed for analysis using the SoftWorx Imaging software (Applied Precision). Velocity measurements were made on deconvolved images using SoftWorx. For publication purposes, image brightness and contrast were linearly increased, and where needed, pixel density was resampled using a bicubic algorithm in Photoshop CS3 (Adobe, San Jose, CA). Paterson et al. (2008) previously demonstrated that Fus2p is transported via an actin-dependent process to the tip of the mating projection, where it is anchored to the plasma membrane by Fus1p. To identify the protein(s) responsible for Fus2p movement, we examined the distribution of Fus2p in strains containing deletions or conditional mutations in the various yeast myosins. The type II myosin encoded by MYO1 was excluded from our initial survey of the yeast myosin family, because it has no known function in yeast outside of cytokinesis and its expression is down-regulated in the presence of pheromone (Brown, 1997; Roberts et al., 2000) . Additionally, because MYO3 and MYO5 are partially redundant, we utilized a myo3⌬ myo5⌬ strain in which growth was rescued by a plasmid carrying a temperaturesensitive allele of MYO5 (myo5-1; Geli and Riezman, 1996) .
RESULTS
Myo2p Is Required for the Localization of Fus2p
Fus2p-GFP localized to the shmoo tip normally in both myo4⌬ FUS1 and myo4⌬ fus1⌬ strains (Figure 1 ). Consistent with previous observations, Fus2p-GFP was visible as a dense spot at the tip of the mating projection in pheromonetreated FUS1 cells, but assumed a broader distribution in fus1⌬ strains. Fus2p localization was also unaffected in pheromone-treated myo3⌬ myo5⌬ [myo5-1] FUS1 and Figure 1B) . In wild-type and myo4⌬ and myo3/5⌬ strains, cytoplasmic puncta were observed moving in a linear manner toward the tip of the mating projection (see Supplementary Videos 1-3), providing a further indication that transport of Fus2p is independent of these three proteins.
We next assayed the localization of Fus2p in two strains containing conditional mutations in the MYO2 gene. The myo2-16 and myo2-66 strains harbor temperature-sensitive mutations in the actin-binding head domain and cargobinding tail domain, respectively, of MYO2 (Lillie and Brown, 1994; Schott et al., 1999) . Fus2p was partially mislocalized at both the permissive and restrictive temperature in FUS1 cells harboring the myo2 mutations, with myo2-66 showing a more severe defect (Figure 2A ). At 24 and 36°C, more Fus2p puncta were visible in the cytoplasm of the myo2-66 FUS1 and myo2-16 FUS1 cells, relative to the wild type, with the number of puncta increasing at the higher temperature. However, for both mutants, Fus2p-GFP remained enriched at the shmoo tip in FUS1 cells (Figure 2A) . Significantly, directed movement of Fus2p puncta was not observed in the myo2 mutants that had been incubated at the restrictive temperature for 5 min or longer (see Supplementary Video 4).
Deletion of FUS1 in strains that contained the mutant myo2 alleles fully abolished Fus2p localization to the shmoo tip ( Figure 2B ). Within 5 min of shifting myo2-16 fus1⌬ and myo2-66 fus1⌬ cells to the restrictive temperature, the polarized localization of Fus2p to the shmoo tip was lost in Ͼ95% of cells, and Fus2p assumed a random distribution throughout the cytoplasm. We concluded that Myo2p is required to maintain the polarized localization of Fus2p.
Myo2p Is Required for Cytoskeletal Polarity in Shmoos
Myo2p has several functions in cell growth and polarization, and mutations in the MYO2 gene have been reported to cause pleiotropic defects in a variety of cellular processes (Govindan et al., 1995; Schott et al., 1999) . In particular, the myo2-66 allele has been demonstrated to abolish the polarization of the actin cytoskeleton in mitotic cells grown at the restrictive temperature (Johnston et al., 1991) . Because polarized actin is required for Fus2p transport, the loss of Fus2p localization observed in the myo2 mutants may have been due to defects in cytoskeletal polarity. Therefore, we examined the actin cytoskeleton in pheromone-treated cells that contained mutations in MYO2.
To observe the distribution of actin, cells were fixed and stained with Texas red-conjugated phalloidin. In wild-type shmoos, both filamentous actin cables and cortical actin patches polarized toward the tip of the mating projection ( Figure 3A) . In myo2-66 shmoos formed at the permissive temperature, actin organization was indistinguishable from wild-type. However, when myo2-66 cells were fixed and examined after 5 min at 36°C, actin patches were dispersed across the cell cortex, and cables were randomly oriented throughout the cell ( Figure 3A) . Thus, the mislocalization of Fus2p at the restrictive temperature in myo2-66 could have been the result of an indirect effect of the myosin mutation.
To distinguish Myo2p's role in actin organization from its role in vesicular transport, various temperature-sensitive alleles of MYO2 with mutations in the cargo-binding tail domain have been generated (Schott et al., 1999) . Although myo2-66 disrupts many, if not all, of Myo2p's functions, the myo2-16 mutation was identified as a temperature-sensitive allele of MYO2 that specifically blocked vesicular transport without perturbing cytoskeletal organization after short incubations at the restrictive temperature. We first confirmed the observations of Schott et al. (1999) in mitotic cells. The myo2-16 cells grown at the permissive temperature contained actin cables and patches polarized toward the developing bud ( Figure 3B ). Incubation at 35°C for 5 min had no noticeable effect on actin organization in mitotic cells, and both cables and patches remained aligned in the direction of cell growth. Only after 15 min at the restrictive temperature did actin polarization become visibly aberrant, with actin patches randomly distributed over the entire cell cortex. Surprisingly, we found that the cytoskeleton responded differently to the inactivation of Myo2p in pheromone-treated cells. Actin polarized normally at the permissive temperature in myo2-16 shmoos. However, myo2-16 shmoos that had been shifted to the restrictive temperature for 5 min failed to maintain actin polarization and instead showed cytoskeletal disorganization similar to myo2-66. The depolarization of actin in myo2-16 shmoos occurred in both FUS1 and fus1⌬ strains. We concluded that the maintenance of actin polarization in pheromone-treated cells is exquisitely sensitive to Myo2p function, and therefore we could not yet rule out the possibility that the defect in Fus2p localization in myo2-16 is an indirect effect of a general defect in cytoskeletal polarity. Accordingly, we next sought to find an intermediate temperature between 24 and 36°C at which Fus2p might become delocalized while the cytoskeleton remained polarized. Fus2p localization was examined in myo2-16 fus1⌬ and myo2-66 fus1⌬ cells as we gradually increased the temperature in increments of 3°C ( Figure 4A ). For both mutants, Fus2p became completely delocalized, and all directed movement of Fus2p puncta ceased at 33°C and above. However, Texas red-conjugated phalloidin staining of actin in parallel cultures revealed that cytoskeletal organization also was aberrant at 33°C ( Figure 4B ). From these results, we concluded that Fus2p localization is tightly associated with Myo2p function, but we were unable to separate Myo2p's role in cytoskeletal polarization from its potential role in Fus2p transport.
Tropomyosin Is Required to Maintain Actin Patch Polarity in Shmoos
We next sought to determine whether the defect in actin organization observed in myo2-16 shmoos was a unique consequence of the defect in Myo2p function or whether mutations in other cytoskeletal proteins would show a similar lack of actin stability in pheromone-treated cells. We therefore examined the actin cytoskeleton in a tpm1-2 tpm2⌬ strain. In mitotic cells incubated at 34.5°C, this strain rapidly loses actin cables, whereas actin patches remain polarized in the growing bud (Pruyne et al., 1998) .
Actin polarized as normal at the permissive temperature in tpm1-2 tpm2⌬ cells ( Figure 5) . In mitotic cells, after 5 min at the restrictive temperature actin cables were no longer visible, although the polarized distribution of actin patches remained unaffected. Only after 15 min at 34.5°C did the actin patches become dispersed throughout the mother and daughter. In contrast, pheromone-treated tpm1-2 tpm2⌬ cells lost both actin cables and the polarized distribution of actin patches after a 5-min incubation at 34.5°C ( Figure 5 ). Similar results were obtained after 15 min at the restrictive temperature. Our findings with myo2-16 and tpm1-2 tpm2⌬ cells suggest that during pheromone-induced polarization, the actin cytoskeleton is more sensitive to perturbation than during mitotic growth.
The Speed of Fus2p Puncta Varies with the Length of the Myo2p Lever Arm Domain
Because we were unable to separate the delocalization of Fus2p from the effects of actin depolarization using the myo2-16 and myo2-66 alleles, we adopted a different strategy, based on the physical properties of the class V myosin protein, to determine whether or not Myo2p actively transports Fus2p along actin cables. According to the swinging lever arm model of myosin transport, myosin delivers cargo by walking hand-overhand along actin cables, and the length of the neck region determines the step size that myosin can take (Purcell et al., 2002) . Correspondingly, myosin alleles that have artificially shortened neck domains move along actin filaments at a slower rate in vitro than the wild-type protein (Uyeda et al., 1996) . In S. cerevisiae, Schott et al. (2002) utilized a GFP-tagged Sec4p construct to demonstrate in vivo that the velocity of secretory vesicles transported by Myo2p varied with the number of IQ repeats present in the Myo2p neck domain. We therefore sought to determine whether the velocity of Fus2p-GFP puncta showed a similar dependence on the length of the Myo2p lever arm. We first examined the pheromone response, growth rate, and cytoskeletal organization in cells in which the wild-type allele of MYO2 (MYO2-6IQ) had been replaced by alleles harboring zero, two, or four repeats of the IQ neck domain. The myo2-0IQ strain grew ϳ20% more slowly than the isogenic wild-type strain, and after induction with pheromone, myo2-0IQ cells showed an abnormally high amount of autofluorescence, precluding further analysis of Fus2p-GFP localization. However, the myo2-2IQ and myo2-4IQ strains grew at the same rate as the MYO2-6IQ wild-type strain, responded normally to pheromone, and localized Fus2p-GFP to the shmoo tip properly (Figure 6 ). Importantly, we also found that actin cable and actin patch polarization were normal in pheromone-treated myo2-2IQ and myo2-4IQ cells. We concluded that any change in Fus2p velocity observed in these strains would be the result of an intrinsic change in Myo2p's motility and not an indirect effect of Myo2p's role in other cellular processes.
To calculate the velocity of the Fus2p puncta, we examined shmoos by time-lapse microscopy, acquiring images about three times per second. Puncta showing linear movement over several frames were identified, and the distance that each traveled between consecutive frames was used to generate a series of velocity measurements. The largest distance that individual puncta moved between any two successive frames was used to define the "maximum" velocity at which the puncta traveled. Presumably intervals of slower velocity observed in vivo reflect interactions of the cargo with the surrounding cytoplasmic matrix that impede movement. We chose to compare the average maximum velocity between strains with varying numbers of IQ repeats, rather than the overall average velocity, because previous work (Schott et al., 2002) suggested that the maximum velocity in vivo is most directly related to the number of IQ repeats.
The average maximum speed of Fus2p-GFP puncta in the wild-type (6IQ) strain was 1.94 Ϯ 0.08 m/s (SEM, n ϭ 75 puncta). Strikingly, the average maximum speed of Fus2p puncta was significantly reduced in myo2-4IQ and myo2-2IQ cells (Figure 7 and Supplementary Video 5). The average maximum velocity of Fus2p-GFP puncta in the myo2-4IQ mutant was 1.42 Ϯ 0.05 m/s (SEM, n ϭ 75, p Յ 0.0001 relative to wild type). The velocity was further reduced in the myo2-2IQ mutant to only 1.22 Ϯ 0.05 m/s (SEM, n ϭ 75, p Յ 0.0001 relative to wild type). Additionally, the highest maximum speed observed for a single punctum was 3.84 m/s in wild type, 2.68 m/s in the myo2-4IQ mutant, and 2.46 m/s in the myo2-2IQ mutant. We also measured the maximum velocities of Fus2p puncta in myo4⌬ cells and myo3/5⌬ [myo5-1] cells incubated at 37°C, along with their isogenic wild-type strains. Fus2p-GFP puncta velocities in these mutant strains did not differ significantly from the velocities observed in the wild-type strains ( Figure 7B ). Because the speed of Fus2p puncta varied with the length of the Myo2p lever arm, but was not affected by the inactivation of Myo4p and Myo3/5p, we conclude that Myo2p is responsible for the transport of Fus2p along actin cables.
Myo2p's Vesicle-binding Function Is Required for Actin Polarity and Fus2p Localization
Because Rvs161p is associated with membranes (Friesen et al., 2006) and Fus2p fractionates with vesicular or cytoskeletal structures (Elion et al., 1995) , it was previously proposed that the Fus2p-GFP puncta represent Fus2p-Rvs161p heterodimers localized to secretory vesicles (Paterson et al., 2008) . We used temperature-sensitive alleles of Myo2p that block the transport of specific organelles to gather evidence for this hypothesis. The globular tail of Myo2p has two functional subdomains that interact with different cargoes: subdomain I is the site of vacuolar and mitochondrial attachment, whereas subdomain II is the site of secretory vesicle attachment (Catlett et al., 2000; Pashkova et al., 2005; Altmann et al., 2008) . Point mutations within these domains have been identified that specifically block Myo2p's transport of different cargoes. To clarify Myo2p's role in mating cell polarization, we examined Fus2p-GFP localization and the actin cytoskeleton in strains harboring mutations in either subdomain I or II; myo2-G1248D, myo2-D1297N, and myo2-L1301P contain mutations in subdomain I, whereas myo2-Y1415E and myo2-K1444A contain mutations in subdomain II. At 37°C, myo2-G1248D and myo2-D1297N block transport of vacuoles (Catlett and Weisman, 1998; Catlett et al., 2000) , myo2-L1301P blocks transport of vacuoles and mitochondria (Catlett et al., 2000; Altmann et al., 2008) , and myo2-Y1415E and myo2-K1444A block transport of secretory vesicles (Pashkova et al., 2005) . We found that Fus2p-GFP localization and actin polarization were specifically affected by point mutations that interfere with vesicular transport (Figure 8 ). At the restrictive temperature, actin polarization was aberrant in myo2-K1444A and myo2-Y1415E, but not in myo2-G1248D, myo2-D1297N, and myo2-L1301P. Similarly, in myo2-K1444A and myo2-Y1415E, but not in any other mutant, a significant fraction of Fus2p-GFP failed to localize to the shmoo tip at the restrictive temperature, and numerous Fus2p-GFP puncta were visible in the cytoplasm. These results suggest that a vesicular or vesicle-associated cargo is responsible for promoting cytoskeletal polarity. Additionally, though we cannot rule out the possibility that the delocalization of Fus2p was an indirect effect of the myosin mutation, these results are consistent with a model for cellular fusion in which Fus2p localizes to the surface of vesicles.
Fus2p Transport Is Distinct from the Transport of Sec4p-marked Secretory Vesicles
During polarized growth, secretory vesicles that carry the Rab GTPase Sec4p are transported to the plasma membrane by Myo2p (Schott et al., 2002) . Despite evidence suggesting that Fus2p may associate with vesicles (Elion et al., 1995; Paterson et al., 2008;  Figure 7 ), we were surprised to find that the average maximum velocity of Fus2p-GFP puncta in pheromone-treated cells (1.94 m/s) was markedly slower than the reported average velocity of Sec4p-GFP puncta in mitotic cells (ϳ3 m/s; Schott et al., 2002) . Because both Fus2p and Sec4p are putative membrane-associated cargo transported by Myo2p, we determined whether the different velocities reflect different rates of transport between mating and mitotic cells or localization of Fus2p and Sec4p to different populations of vesicles or organelles. First, we measured the velocity of Sec4p-GFP puncta in pheromonetreated cells ( Figure 9A, Supplementary Video 6) . Strikingly, the Sec4p-GFP puncta traveled at an average maximum velocity of 2.67 Ϯ 0.13 m/s (SEM, n ϭ 50) in shmoos, significantly faster than the observed speed of 1.94 m/s for Fus2p puncta (p Ͻ 0.0001). Furthermore, we found that the velocity of Sec4p-GFP puncta did not vary significantly between mating and mitotic cells (2.67 Ϯ 0.13 vs. 2.96 Ϯ 0.15 m/s, n ϭ 46). Second, if Sec4p and Fus2p are associated with the same cellular structures at the cortex, then Fus1p should be sufficient to retain the polarized localization of a portion of Sec4p-GFP in pheromone-treated cells after Myo2p has been inactivated. Although a fraction of Fus2p-GFP was retained at the shmoo tip at the restrictive temperature in myo2-16 FUS1 cells, Sec4p-GFP dispersed entirely under the same conditions ( Figure 9B ).
At the plasma membrane, Sec4p is activated by the guanine-nucleotide exchange factor Sec2p, and Sec2p has been found to be required for Sec4p localization (Walch-Solimena et al., 1997) . We therefore examined the distribution of Fus2p myo2-Y1415E (MY10748) , and myo2-K1444A (MY10749). For Fus2p-GFP visualization, cells were first imaged at 24°C, then the temperature was raised to 37°C for 5 min and the same cells were imaged again. For Texas red-phalloidin staining, pheromone-treated cells were either fixed and stained at 24°C or incubated at 37°C for 5 min before fixation.
and Sec4p in a strain harboring a temperature-sensitive allele of SEC2. Because SEC4 on a CEN plasmid partially suppresses sec2 mutations (Salminen and Novick, 1987) , we opted to observe Sec4p in sec2-41 by immunofluorescence microscopy. After sec2-41 shmoos were shifted to the restrictive temperature, actin cortical patches remained partially polarized in 60% of cells after 5 min, but only in 17% after 10 min ( Figure 9C ). In the isogenic wild-type control strain, actin remained polarized in 87 and 71% of cells after 5 and 10 min, respectively, at 37°C. After the temperature shift, Sec4p rapidly dispersed; showing localization to the shmoo tip in only 47% of cells after 5 min and 17% after 10 min. Unexpectedly, localization of Sec4p at the shmoo tip was also decreased in the isogenic wild-type strain to similar extents (48 and 15% after 5 and 10 min, respectively). Regardless, in both the sec2-41 and isogenic wild-type strain, Fus2p-GFP remained localized to the shmoo tip after shift to the nonpermissive temperature; Ͼ85% of cells retained Fus2p-GFP after Ͼ10 min at the restrictive temperature. In addition to retention at the shmoo-tip, Fus2p-GFP in the cytoplasm remained punctate and showed directed movement at the nonpermissive temperature, suggesting that movement on actin cables was not impaired. Taken together these results indicate that the localization of Fus2p is independent of the localization of Sec4p.
Finally, to allow colocalization with Sec4p-GFP, we tagged FUS2 internally with the fluorescent epitope mCherryFP (Shaner et al., 2004) . When Fus2p-mCherryFP and Sec4p-GFP were coexpressed in pheromone-treated cells that had been fixed to arrest puncta movement, both proteins were detectable at the shmoo tip, but did not appear to colocalize elsewhere at the cortex or in the cytoplasm ( Figure 9D ). In 25 shmoos examined, Fus2p-mCherryFP and Sec4p-GFP were visible throughout the cell as discrete, nonoverlapping dots. We conclude that Sec4p and Fus2p localize predominantly to different cargoes transported by Myo2p during mating. However, we cannot rule out the possibility that a minor fraction of Sec4p remains associated with Fus2p-marked vesicles or organelles, which was not detected by our assays.
DISCUSSION
To identify the protein(s) responsible for Fus2p transport, yeast strains harboring mutations in the various myosins were examined. Among the yeast myosin genes, only mutations in the class V myosin, Myo2p, compromised Fus2p localization and transport. The strongest evidence in support of a role for Myo2p in Fus2p transport was the observation that the average maximum speed of Fus2p puncta was significantly reduced in mutants in which the length of the Myo2p neck domain was decreased. We conclude that Myo2p transports Fus2p along actin cables to the shmoo tip during yeast mating.
During polarization in response to pheromone, the actin cytoskeleton becomes oriented toward the shmoo tip. Consequently, new cell surface growth and secretion occurs primarily at the shmoo tip, and proteins associated with the secretory pathway and/or actin transport will necessarily become initially concentrated in the mating projection. Retention of cell fusion proteins at the shmoo tip is required to prevent mislocalized and/or ectopic activation of the fusion machinery. Retention at the shmoo tip may arise from multiple mechanisms, including slow diffusion coupled with endocytic recycling (e.g., Snc1p; Valdez-Taubas and Pelham, 2003) , stable association with distinct lipid microdomains (e.g., Fus1p; Bagnat and Simons, 2002; Jin et al., 2008) , and protein-protein interactions. In the case of Fus2p, retention is dependent on both Fus1p and one or more components of the actin cytoskeleton. We cannot yet determine whether Myo2p plays a direct role in Fus2p retention, because all mutations that cause loss of Fus2p-GFP localization also cause loss of actin polarization.
An unexpected result of the work described in this study is the differential stability of actin polarization in mitotic cells and in shmoos. We found that mitotic myo2-16 and tpm1-2 cells retained normal cytoskeletal polarization after short incubations at the restrictive temperature, whereas actin polarity was very rapidly lost in pheromone-treated myo2-16 and tpm1-2 cells under identical conditions. Furthermore, actin polarization in shmoos was specifically im- paired in the myo2 mutants with defects in vesicle binding and not mutants with defects in vacuole and/or mitochondria binding. These findings, along with other recent results, suggest a positive feedback loop between actin-dependent transport and polarization of the cytoskeleton (Pruyne et al., 1998; Wedlich-Soldner et al., 2003; Aronov and Gerst, 2004; Pruyne et al., 2004) . According to one model, cell polarity in yeast is established by the Rho-GTPase Cdc42p, which activates actin assembly via the formin family of proteins (Park and Bi, 2007) . Localized deposition of Cdc42p at intrinsic spatial markers (i.e., the bud site in mitotic yeast) is supplemented by the actin-dependent delivery of Cdc42p, creating a feedback loop for robust cell polarization. Cdc42p is a putative vesicle-associated cargo of Myo2p (Wedlich-Soldner et al., 2003) , and mutations that break this feedback loop (i.e., by blocking steps in the late secretory pathway) cause aberrant cytoskeletal polarity (Aronov and Gerst, 2004) . Thus, the loss of polarization that we observed in myosin and tropomyosin mutants may be due to the mislocalization of Cdc42p.
The different kinetics for the loss of actin polarity between mitotic cells and shmoos suggest that mitotic cells have a more robust system to maintain cell polarization. One major difference between the two cell types is the structure of the bud neck. Mitotic yeast cells have a ring of septins, a specialized structure formed by the copolymerization of four GTPases, at the cortex at the mother-bud neck (Longtine et al., 1996) . The septin ring is required for the maintenance of components of the yeast polarisome in the bud, and cells with temperature-sensitive mutations in the septins lose actin polarity at the restrictive temperature (Barral et al., 2000) . It has been proposed that the septin ring forms a passive diffusion barrier which prevents the flow of polarizing factors out of the daughter cell. Thus, when the cytoskeleton is perturbed by the inactivation of Tpm1p or Myo2p in mitotic cells, polarity may be partially maintained by the septin ring. In mating cells, septins form a more diffuse band of fibers around the neck of the shmoo oriented toward the shmoo tip (Longtine et al., 1998; L. Silverstein and M. Rose, unpublished observations) . Although the role of the septins during conjugation is not clear, they do not appear to function as a diffusion barrier for cortical membrane proteins between the tip of the shmoo and the cell body (Proszynski et al., 2006) . Therefore, in shmoos, once the actomyosin transport system is disrupted, there would be no barrier to prevent the rapid diffusion of polarity proteins (presumably including Cdc42p) throughout the cell.
Based on its localization to cellular regions containing high concentrations of vesicles and the membrane affinity of its binding partner, Rvs161p, it has been proposed that Fus2p is associated with vesicles that carry hydrolytic enzymes required for cell wall degradation (Paterson et al., 2008) . At the zone of cell fusion, Fus2p may trigger the release of the vesicular cargo via interaction between its Rho-GEF domain and a Rho-GTPase. The finding that Myo2p, a transporter of membrane-bound organelles, also transports Fus2p puncta supports the hypothesis that Fus2p is associated with membrane-bound organelles.
In S. cerevisiae, vesicle trafficking is controlled by a family of 11 Rab GTPases that function in vesicle budding, vesicle tethering, and the fusion of vesicles with their target membranes (Lazar et al., 1997; Grosshans et al., 2006) . Each Rab GTPase is believed to act at a defined step in the trafficking pathway, and Sec4p has been identified as the Rab GTPase specifically required for the fusion of exocytotic secretory vesicles with the plasma membrane (Walch-Solimena et al., 1997; Novick and Guo, 2002) . We found that Fus2p puncta and Sec4p puncta were transported at significantly different speeds, and Fus2p-mCherryFP did not appear to colocalize with Sec4p-GFP in cytoplasmic puncta. We have also found that Fus2p is able to stay associated with the shmoo tip under conditions in which Sec4p does not, including in myo2-16 and sec2-41 shmoos. At this time, we cannot rule out the possibility that an interaction occurs between Sec4p and Fus2p-marked cargo specifically at the shmoo tip or that a minor fraction of Sec4p associates with Fus2p-marked cargo during transport. However, taken together, our observations suggest that Fus2p and Sec4p localize predominantly to different populations of vesicles or organelles that are transported by Myo2p.
The existence of multiple classes of vesicles has been demonstrated in mitotic yeast cells (Harsay and Bretscher, 1995) ; however, trafficking in shmoos remains relatively unexplored. Interestingly, two groups have reported that the average size of vesicles found at the shmoo tip is significantly smaller than the average size of vesicles found in budding cells (Baba et al., 1989; Breton et al., 2001) . Thus it is possible that vesicle formation and trafficking occur via somewhat different mechanisms in pheromone-treated cells and in mitotic cells. In support of this hypothesis, Fus1p, which is not expressed in mitotic cells, appears to play a role in the clustering or anchoring of vesicles to the shmoo tip during mating .
Our findings therefore suggest that during the pheromone response, Myo2p transports at least two distinct classes of membrane-bound cargo. The first class constitutes the canonical, Sec4p-associated vesicles bound for the plasma membrane. These vesicles presumably carry cell wall components that are required for the formation of a mating projection and are tethered to the plasma membrane by the exocyst complex (Whyte and Munro, 2002) . The second class of cargo is marked by Fus2p and is specifically required for cell fusion. This cargo may include hydrolytic enzymes necessary for cell wall degradation and would be anchored to the cortex by a complex including Fus1p, rather than the exocyst. Fusion of this cargo to the plasma membrane would be triggered by a signal generated by prezygote formation and may require the activity of the Fus2p GEF domain. The existence of distinct classes of vesicles or organelles would allow cells to fulfill the two opposing requirements for efficient mating: first, cells must grow and add cell wall in the direction of the pheromone gradient and second, cells must be able to specifically degrade their cell wall during zygote formation.
